The Zoovch Ovoo uranium deposit is located in East Gobi Basin in Mongolia. It is hosted in the Sainshand Formation, a Late Cretaceous siliciclastic reservoir, in the lower part of the post-rift infilling of the Mesozoic East Gobi Basin. The Sainshand Formation corresponds to poorly consolidated medium-grained sandy intervals and clay layers deposited in fluvial-lacustrine settings. The uranium deposit is confined within a 60-to 80-m-thick siliciclastic reservoir inside aquifer driven systems, assimilated to roll-fronts. As assessed by vitrinite reflectance (%Rr < 0.4) and molecular geochemistry, the formation has never experienced significant thermal maturation. Detrital organic matter (type III and IV kerogens) is abundant in the Zoovch Ovoo depocenter. In this framework, uranium occurs as: (i) U-rich macerals without any distinguishable U-phase under SEM observation, containing up to 40 wt % U; (ii) U expressed as UO 2 at the rims of large (several millimeters) macerals and (iii) U oxides partially to entirely replacing macerals, while preserving the inherited plant texture. Thus, uranium is accumulated gradually in the macerals through an organic carbon-uranium epigenization process, in respect to the maceral's chemistry and permeability. Most macerals are rich in S and, to a lesser extent, in Fe. Frequently, Fe and S contents do not fit the stoichiometry of pyrite, although pyrite also occurs as small inclusions within the macerals. The organic matter appears thus as a major redox trap for uranium in this kind of geological setting.
Introduction
Organic carbon is considered an important uranium reducer in sedimentary uranium ore deposits [1] [2] [3] [4] [5] [6] . Several mechanisms may account for uranium fixation by low maturity lignite and reduction during its burial history. It is possible for uranium to be adsorbed by carboxyl groups, and form organo-uranyl compounds, by means of cation exchange at ambient conditions, or without cation exchange when exposed to heat [7] . However, adsorption may not be accompanied by U(VI) reduction [8] [9] [10] . With increasing thermal maturity, U adsorption may co-exist with reduction reactions. At higher temperatures [11, 12] reduction of U(VI) is predominant.
It is therefore proposed that, in geological environments, U may be trapped by peat or lignite without reduction at low temperatures (lignite stage [13, 14] ), while at later diagenetic stages (catagenesis, metagenesis stages of coalification) U reduction will prevail. The reduction mechanism of U(VI) may occur through the dehydrogenation of aliphatic and hydroxyl hydrocarbonaceous moieties [7, 9] . As a result, two protons (H + ) are liberated from the organic matter, and two oxygens are fixed [26] . The sedimentary depositional systems are fluvio-lacustrine with alluvial fans, braided rivers and deltas. The sands of the Sainshand Formation host uranium mineralization.
Materials and Methods
The current study was carried out on core samples recovered during the exploration campaigns conducted by COGEGOBI, from 2011 to 2017, in Zoovch Ovoo. Samples were recovered in the roll-front area within the Sainshand Formation at the depths shown in Figure 2 . Coal layers are lacking inside the reservoir zone and organic matter occurs at random as detrital particles following sedimentary bedding. The coarse, angular and poorly sorted organic particles associated with fine to coarse grained sands are reworked sediments (intraclasts), linked to distant transport and high-energy depositional settings. On the other hand the organic matter particles encountered in fine clay (organic-rich) layers are better preserved and linked to low-energy depositional settings under less oxygenated conditions. The well-preserved phytoclasts, such as root remains associated with fine grained organic-rich lithofacies, could be indicative of higher plant remains that grew within the depositional environment setting and did not undergo any significant transport. 
The current study was carried out on core samples recovered during the exploration campaigns conducted by COGEGOBI, from 2011 to 2017, in Zoovch Ovoo. Samples were recovered in the rollfront area within the Sainshand Formation at the depths shown in Figure 2 . Coal layers are lacking inside the reservoir zone and organic matter occurs at random as detrital particles following sedimentary bedding. The coarse, angular and poorly sorted organic particles associated with fine to coarse grained sands are reworked sediments (intraclasts), linked to distant transport and highenergy depositional settings. On the other hand the organic matter particles encountered in fine clay (organic-rich) layers are better preserved and linked to low-energy depositional settings under less oxygenated conditions. The well-preserved phytoclasts, such as root remains associated with fine grained organic-rich lithofacies, could be indicative of higher plant remains that grew within the depositional environment setting and did not undergo any significant transport. recovered from 123.20 m depth targeting the U reservoir, Sainshand Formation; Gamma ray spectroscopy measurements, presented in blue, were performed in contact with the rock unit with a step distance of 10 cm, expressed in c/s (counts per second). (B) Two upward-fining sequences are distinguished, starting with granules and ending with medium coarse sand in both cases. The sequences are separated by an erosional surface, followed by coarse deposits containing intraclasts of silty clay and organic matter. (C) A zoomed image of (B) highlighting the areas of organic matter and higher uranium concentration. The intense bright yellow color reveals an oxidation of U ores in contact with air. Uranium concentration is the highest at the contact with the erosional surface. (D) Organic matter particle containing 7-13 wt % uranium, without mineral expression. (E) Silicate grains coated by phospho-coffinite intermixed with clays. (D, E images under SEM/back-scattered electron mode.)
Petrography

Optical Microscopy
Polished thin sections (~30 µm thick) were studied using optical microscopy in transmitted and reflected light modes, with the objectives to describe the morphology and the nature of the different types of uranium mineralization encountered along the redox front.
Scanning Electron Microscopy
A Hitachi FEG S4800 high-resolution scanning electron microscope (SEM) (Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS) using a Si-(Li) semi-conductor detector, coupled to a wavelength-dispersion spectrometer (WDS), was used in order to establish the mineral paragenesis and identify the main uranium bearing phases and their composition.
Organic Petrography
Polished blocks were prepared from the organic matter-rich samples and studied by means of oil-immersion petrography. The samples were initially screened for their organic matter content, either forming thin laminae following the sedimentary bedding, or as coal-rich clay intraclasts and phytoclasts (plant remains) inside the poorly consolidated sands, or as carbonate-cemented sandstones. Consequently, the organic matter was mechanically sorted and recovered from the sand and sandstone samples. The material was then grossly hand-crushed using an agate mortar, to prevent the production of fine-grained particles. The detailed methodology followed for the preparation of the polished blocks, as well as for polishing, was based on [31] .
The random vitrinite reflectance (%Rr) was measured on polished blocks with a diameter of 1 mm, and were then mounted on epoxy resin according to ISO 7404-2 [32] . A Zeiss (Axio Imager D1M) microscope equipped with oil-immersion objectives with 50× magnification was used. The vitrinite reflectance was conducted following ISO 7404-5 [33] . The reflectance measurements were made on huminite using spinel (%R = 0.420) as a standard, and a photomultiplier tube (PMS) coupled to Spectra Vision A.S & Cosoftware (Version 2008, GmbH, Munich, Germany).
In Situ Analysis
The electron probe micro-analysis (EPMA) of uranium cements was performed using a CAMECA SX100 at SCMEM (Service Commun de Microscopie Electronique) Nancy. The calibration was made against natural and synthetic oxides or alloys (orthoclase, albite, MnTiO 3 , wollastonite, hematite and olivine). The analytical conditions were: 10 nA current, 15 kV accelerating voltage, 10 s counting time for (K, Na, Ca), 20 s for (Al, Fe, Mn), 40 s for (Mg). The accelerating voltage was raised from 15 to 25 kV to amplify the detection limit, in particular when investigating the uranium-organic matter relationships.
Micro X-Ray Fluorescence Mapping
Micro-X-ray fluorescence (XRF) mapping was obtained using a M4 Tornado instrument (Bruker Nano GmbH, Berlin, Germany). The system has a Rh X-ray tube with a Be side window and polycapillary optics, which provides an X-ray beam with a diameter of 25-30 µm on the sample. The X-ray tube was operated at 50 kV and 200 µA. X-rays were detected by a 30 mm 2 xflash SDD with an energy resolution of <135 eV at 250,000 cps. All analyses were carried out at 2 kPa vacuum. Semi-quantitative maps were generated for major elements such as U, Fe, S and Ti.
Results
Organic Matter Sedimentology
Organic matter occurs as disseminated detrital particles (dispersed organic matter-DOM) within poorly consolidated coarse sand to clay lithologies. For instance, organic detrital particles can be found (1) dispersed within poorly sorted sand layers with no visible internal structure, (2) concentrated into laminae of well-structured fining upward layers or bottom sets of dunes/mega ripples, (3) associated with clay-rich intraclasts located at the base of sandy layers and (4) dispersed within silt to clay-rich layers.
Two typical samples of uranium-enriched layers are presented in Figure 2 . Maximum SSPγ counts/second (1523 c/s) are recorded at the erosional surface located beneath a base of layer rich in organic matter and clay. SSPγ counts/second decrease downward or upward from this limit.
Uranium is concentrated inside underwater dune sediments (pebbles made of clay/detrital organic matter intraclasts, gravel and sand) that represent the base of the delta foreset slope. After burial, the oxidizing mineralized fluids advance through the well-sorted coarse sandy to microconglomeratic deposits. The high-energy depositional conditions during the formation of these sequences explain the absence of the fine fractions, which implies high permeability.
Organic Petrography
In organic petrography, the term vitrinite is used to distinguish between organic matter that has reached a certain coalification stage, in contrast with huminite, which refers to peat material of very low maturity and poor gelification. Hence, considering the petrographic features of the macerals, the low burial depth (<500 m) [30] and the very low vitrinite reflectance measurements in the Zoovch Ovoo sands (%Rr = 0.302 ± 0.02), it can be concluded that the type III kerogen never reached the thermal maturity needed to be accredited as vitrinite. Therefore, since the organic matter is still in the peat stage, the nomenclature that was used to describe the type III kerogen macerals belongs to the huminite group [34] . The macerals that were recognized during the organic petrography study are presented in Figure 3 and discussed below.
Huminite Macerals
Most commonly telohuminite sub-group macerals, such as textinite (intact and well-preserved cell walls with open cell-lumens), ulminite (massive/homogenized structured huminite particles with minor open cell-lumens) and finally texto-ulminite (intermediate phase of textinite and ulminite with collapsed walls and partly open cell-lumens filled occasionally by gelified material), were recognized. Attrinite (fragmental cell walls) was also often encountered, as well as corpohuminite (structureless bodies filling cell lumens) inside telohuminite macerals.
Inertinite Macerals
The inertinite group macerals were also very periodically encountered, especially fusinite (charred material/charcoal from forest fires and less often tissues with strongly bonded oxygen) and semifusinite (either partially charred material from forest fires as fusinite or humic material that was partially oxidized by biochemical activity before or right after shallow burial). Funginite (material of fungal origin) and inertodetrinite (fragments) were also abundant.
Liptinite Macerals
Their abundance is very limited and they are not regularly present in comparison with the huminite and inertinite group macerals. They were recognized under blue-light excitation (500 nm), as they obtain yellowish fluorescence. The only liptinite maceral recognized was cutinite, which represents the outer walls of leaves, stems and other aerial parts of plants. As such, this maceral was resistant to degradation during sedimentary transport. Exceptionally solid bitumen (bituminite) may be found around silicates or inside the fracture porosity of large detrital grains.
With respect to the preservation status of the macerals, both opaque and non-opaque, biostructured and non-biostructured (banded and pitted) phytoclasts were recognized and classified according to [35] . Their abundance is very limited and they are not regularly present in comparison with the huminite and inertinite group macerals. They were recognized under blue-light excitation (500 nm), as they obtain yellowish fluorescence. The only liptinite maceral recognized was cutinite, which represents the outer walls of leaves, stems and other aerial parts of plants. As such, this maceral was resistant to degradation during sedimentary transport. Exceptionally solid bitumen (bituminite) may be found around silicates or inside the fracture porosity of large detrital grains.
With respect to the preservation status of the macerals, both opaque and non-opaque, biostructured and non-biostructured (banded and pitted) phytoclasts were recognized and classified according to [35] . 
Petrography of Organic Matter-Uranium Associations and Mineral Geochemistry
Uranium mineral phases were studied by means of electron probe micro-analysis (Table 1) in samples of variable lithologies (e.g., matrix supported sandstones and sandstones cemented by dolomite), also discussed in [36] . Two phases were identified-uraninite and coffinite, sometimes occurring together. Uraninite forms independent spheres at a minimum size range of 1 µm, while Ca-P-rich coffinite occurs as elongated flakes of 12 µm size (Figure 4) . Aggregates of the previous two oxides are also common. In both minerals, Ca, Si, P, Zr and Ti are contained in significant concentrations. The U + Ca versus Si binary plot (Figure 4) shows that the data points are distributed in-between the two end-members. The most abundant U mineral is uraninite (UO 2 ), slightly deviating from the stoichiometric formula due to P, Zr and Ti enrichment. The second and less common is Ca-P-rich coffinite [(U,Ca)(P,Si)O 4 ]. Pure coffinite is absent. 
Uranium mineral phases were studied by means of electron probe micro-analysis (Table 1) in samples of variable lithologies (e.g., matrix supported sandstones and sandstones cemented by dolomite), also discussed in [36] . Two phases were identified-uraninite and coffinite, sometimes occurring together. Uraninite forms independent spheres at a minimum size range of 1 μm, while Ca-P-rich coffinite occurs as elongated flakes of 12 μm size (Figure 4) . Aggregates of the previous two oxides are also common. In both minerals, Ca, Si, P, Zr and Ti are contained in significant concentrations. The U + Ca versus Si binary plot ( Figure 4) shows that the data points are distributed in-between the two end-members. The most abundant U mineral is uraninite (UO2), slightly deviating from the stoichiometric formula due to P, Zr and Ti enrichment. The second and less common is Ca-P-rich coffinite [(U,Ca)(P,Si)O4]. Pure coffinite is absent. With the help of SEM-EDS and micro-XRF, it was possible to identify three different cases of uranium-organic matter associations, which are presented below.
U-Rich Organic Matter without any Distinguishable U-Phase
The organic particles in the Zoovch Ovoo sands often contain high concentrations of uranium. An assemblage of telohuminite and inertinite macerals, (i.e., texto-ulminite, corpohuminite and funginite) are illustrated in Figure 5 . Half of the macerals are fully epigenetized by framboidal pyrite, while few contain pyritospheres at a very local scale. Based on the SEM-EDS concentration maps, corpohuminite is much richer in sulfur than texto-ulminite. Sulfur is nearly absent from funginite except for the rims. Iron content is constant in both huminite group macerals, while it is absent from funginite. Uranium occurs in higher concentrations in corpohuminite. Titanium is always present at a rather low concentration. In addition, some disseminated Ti-oxide grains were identified. plot of the U + Ca versus Si in at% oxide, indicating the stoichiometric U-mineral domains of uraninite, phosphorus-enriched uraninite, coffinite and phospho-coffinite, used as references (data from EPMA).
With the help of SEM-EDS and micro-XRF, it was possible to identify three different cases of uranium-organic matter associations, which are presented below.
The organic particles in the Zoovch Ovoo sands often contain high concentrations of uranium. An assemblage of telohuminite and inertinite macerals, (i.e., texto-ulminite, corpohuminite and funginite) are illustrated in Figure 5 . Half of the macerals are fully epigenetized by framboidal pyrite, while few contain pyritospheres at a very local scale. Based on the SEM-EDS concentration maps, corpohuminite is much richer in sulfur than texto-ulminite. Sulfur is nearly absent from funginite except for the rims. Iron content is constant in both huminite group macerals, while it is absent from funginite. Uranium occurs in higher concentrations in corpohuminite. Titanium is always present at a rather low concentration. In addition, some disseminated Ti-oxide grains were identified. the uranium concentration follows the same preference pattern. In some cases, certain corpohuminite particles are particularly enriched in U. Titanium is mainly dispersed at low concentrations in macerals, but is also contained as microsized Ti-oxides.
The concentrations of U, Fe, S and Ti of the two profiles G-H and I-J in Figure 5B are presented in Figure 6 . Profile G-H includes both corpohuminite and texto-ulminite macerals, and shows that the corpohuminite contains up to 20 wt % U, while texto-ulminite fluctuates between 7 and 12 wt % U. For certain parts of the profile, S and Fe concentrations vary together, and indicate the presence of pyrite micro-crystals. In other parts, S and Fe are not perfectly correlated. Titanium concentration is nearly constant around 0.5 wt %. Profile I-J was performed strictly within a corpohuminite particle. Uranium concentration ranges between 16 and 22 wt %, S and Fe between 4 and 5 wt % while no visible optical expression of sulfide. Likewise, the uranium concentration follows the same preference pattern. In some cases, certain corpohuminite particles are particularly enriched in U. Titanium is mainly dispersed at low concentrations in macerals, but is also contained as microsized Ti-oxides.
The concentrations of U, Fe, S and Ti of the two profiles G-H and I-J in Figure 5B are presented in Figure 6 . Profile G-H includes both corpohuminite and texto-ulminite macerals, and shows that the corpohuminite contains up to 20 wt % U, while texto-ulminite fluctuates between 7 and 12 wt % U. For certain parts of the profile, S and Fe concentrations vary together, and indicate the presence of pyrite micro-crystals. In other parts, S and Fe are not perfectly correlated. Titanium concentration is nearly constant around 0.5 wt %. Profile I-J was performed strictly within a corpohuminite particle. Uranium concentration ranges between 16 and 22 wt %, S and Fe between 4 and 5 wt % while no visible optical expression of sulfide. Figure 5 . Profile G-H (A) indicates that the composition of uranium in corpohuminite is more than double that of the texto-ulminite background, reaching 19 wt %. Sulfur and iron concentrations are not perfectly correlated and several datapoints show antagonistic behavior. Profile I-J (B) was performed on a single corpohuminite particle and shows that uranium concentration is between 16 and 22 wt %. Sulfur and iron are sub-constant and Figure 5 . Profile G-H (A) indicates that the composition of uranium in corpohuminite is more than double that of the texto-ulminite background, reaching 19 wt %. Sulfur and iron concentrations are not perfectly correlated and several datapoints show antagonistic behavior. Profile I-J (B) was performed on a single corpohuminite particle and shows that uranium concentration is between 16 and 22 wt %. Sulfur and iron are sub-constant and correlated, which could be related to pyrite nanocrystal inclusions. Titanium is sub-constant and around 1 wt % for both profiles.
A binary plot for S and Fe ( Figure 7 ) was constructed from the profiles G-H and I-J of Figures 5 and 6, with reference stoichiometry lines for pyrite (FeS 2 ) and amorphous FeS (e.g., mackinawite). Profile G-H refers to the transition between corpohuminite and texto-ulminite particles, showing Fe concentrations between 1.8 and 8.0 wt % while S fluctuates between 1.0 and 8.5 wt %. Most of the data points plot away of the pyrite composition reference line by approximately 2.0 wt % Fe. Some data points correspond to a slight enrichment in S from the reference line by a maximum of 1.5 wt %. Some data points distribute along the pyrite stoichiometry line, although there are clear deviations from the FeS 2 line towards the FeS line. In the profile I-J (corpohuminite), Fe concentration varies between 3.2 and 4.9 wt %, whereas S is between 3.5 and 5.1 wt %. Most of the data points are tightly plotted close to the FeS 2 line, which could indicate the presence of nanometric (<0.1 µm) pyrite inclusions similar to the data obtained from profile G-H.
correlated, which could be related to pyrite nanocrystal inclusions. Titanium is sub-constant and around 1 wt % for both profiles.
A binary plot for S and Fe ( Figure 7 ) was constructed from the profiles G-H and I-J of Figure 5 and Figure 6 , with reference stoichiometry lines for pyrite (FeS2) and amorphous FeS (e.g., mackinawite). Profile G-H refers to the transition between corpohuminite and texto-ulminite particles, showing Fe concentrations between 1.8 and 8.0 wt % while S fluctuates between 1.0 and 8.5 wt %. Most of the data points plot away of the pyrite composition reference line by approximately 2.0 wt % Fe. Some data points correspond to a slight enrichment in S from the reference line by a maximum of 1.5 wt %. Some data points distribute along the pyrite stoichiometry line, although there are clear deviations from the FeS2 line towards the FeS line. In the profile I-J (corpohuminite), Fe concentration varies between 3.2 and 4.9 wt %, whereas S is between 3.5 and 5.1 wt %. Most of the data points are tightly plotted close to the FeS2 line, which could indicate the presence of nanometric (<0.1 µm) pyrite inclusions similar to the data obtained from profile G-H. A root structure composed of telohuminite macerals, particularly textinite to texto-ulminite, was also analyzed (Figure 8 ). The concentrations of U, Fe, S and Ti along the profile A-B of the root structure are presented in Figure 8C . The U concentrations are between 10 and 20 wt %. Sulfur concentrations fluctuate slightly around 2.5 wt %, but can reach 5.5 wt %, whereas iron is less than sulfur by approximately 1 wt %. Titanium is contained below 1.0 wt %. Profile C-D refers to the external part of the root. In this profile (not presented), the U concentration fluctuates between 15.0 and 3.0 wt %. Titanium concentration reaches 1.2 wt % at maximum. A root structure composed of telohuminite macerals, particularly textinite to texto-ulminite, was also analyzed (Figure 8 ). The concentrations of U, Fe, S and Ti along the profile A-B of the root structure are presented in Figure 8C . The U concentrations are between 10 and 20 wt %. Sulfur concentrations fluctuate slightly around 2.5 wt %, but can reach 5.5 wt %, whereas iron is less than sulfur by approximately 1 wt %. Titanium is contained below 1.0 wt %. Profile C-D refers to the external part of the root. In this profile (not presented), the U concentration fluctuates between 15.0 and 3.0 wt %. Titanium concentration reaches 1.2 wt % at maximum. Figure 8 . Profile A-B was performed on the internal part of the root structure, whereas C-D was performed in the external part. For the internal part, the data points (in blue) distribute close to the pyrite line, with a slight relative S enrichment. For the external part, most data points in red indicate significant Fe enrichment at constant S concentration.
Uranium Oxides Precipitated at the Contact of the Organic Particle
UO2 infillings occur most frequently around organic matter particles or within maceral microfractures, as confirmed by micro-XRF maps ( Figure 10B ). In the particle presented in Figure 10A , uranium concentration is rather low. There are two distinct distributions of Fe and S: (a) as pyrite micro-inclusions, observed under reflected light microscopy and confirmed by micro-XRF; and (b) as zones enriched either in Fe or S with the two elements not correlated ( Figure 10C,D) . In other examples, the U phases are distributed at the rim of organic particles ( Figure 10E,F) . If framboids were present in the organic matter before U epigenization, uranium may enter through the pore space of the micro-cubes that build-up the framboid and act as cement ( Figure 10G ). Sometimes when a telohuminite particle has large open pore spaces or fractures in the interior part, uranium oxides may precipitate there as well ( Figure 10H ).
Uranium concentration along the fracture in the internal part of the telohuminite particle is typical of UO2. Moving away from the fracture, the U concentration gradually decreases down to 2.5 wt %. It can be noted that a few percent (i.e., 3-5 wt %) of U inside the organic particles can significantly increase the average atomic number (Z) under BSE mode. Thus, the heterogeneous distribution of Z in an organic particle can reveal the U distribution. Figure 8 . Profile A-B was performed on the internal part of the root structure, whereas C-D was performed in the external part. For the internal part, the data points (in blue) distribute close to the pyrite line, with a slight relative S enrichment. For the external part, most data points in red indicate significant Fe enrichment at constant S concentration.
UO 2 infillings occur most frequently around organic matter particles or within maceral micro-fractures, as confirmed by micro-XRF maps ( Figure 10B ). In the particle presented in Figure 10A , uranium concentration is rather low. There are two distinct distributions of Fe and S: (a) as pyrite micro-inclusions, observed under reflected light microscopy and confirmed by micro-XRF; and (b) as zones enriched either in Fe or S with the two elements not correlated ( Figure 10C,D) . In other examples, the U phases are distributed at the rim of organic particles ( Figure 10E,F) . If framboids were present in the organic matter before U epigenization, uranium may enter through the pore space of the micro-cubes that build-up the framboid and act as cement ( Figure 10G ). Sometimes when a telohuminite particle has large open pore spaces or fractures in the interior part, uranium oxides may precipitate there as well ( Figure 10H ). Minerals 2019, 9, x FOR PEER REVIEW 13 of 23 The XRF maps for U, Fe and S. Uranium is highly concentrated around the rims and is much less abundant towards the interior of the particle. (E) BSE image showing uranium oxide precipitate (in this case UO2) at the rim of a telohuminite particle. (F) The same association in higher magnification, coupled with an EPMA measurements profile (E-F/10 points), from the rim to the interior of the particle. (G) Uranium cement inside framboidal pyrite. (H) Uraninite precipitation along a fracture in the internal part of a telovitrinite/telohuminite particle. Uranium concentration decreases progressively from 74.6 to 2.5 wt % as a function of increasing distance from the fracture.
The distribution of U, Fe, S and Ti for profile E-F covers a distance of about 300 μm from the rim, where there is UO2 expression, towards the interior, where there is no visible mineral expression The XRF maps for U, Fe and S. Uranium is highly concentrated around the rims and is much less abundant towards the interior of the particle. (E) BSE image showing uranium oxide precipitate (in this case UO 2 ) at the rim of a telohuminite particle. (F) The same association in higher magnification, coupled with an EPMA measurements profile (E-F/10 points), from the rim to the interior of the particle. (G) Uranium cement inside framboidal pyrite. (H) Uraninite precipitation along a fracture in the internal part of a telovitrinite/telohuminite particle. Uranium concentration decreases progressively from 74.6 to 2.5 wt % as a function of increasing distance from the fracture.
Uranium concentration along the fracture in the internal part of the telohuminite particle is typical of UO 2 . Moving away from the fracture, the U concentration gradually decreases down to 2.5 wt %. It can be noted that a few percent (i.e., 3-5 wt %) of U inside the organic particles can significantly increase the average atomic number (Z) under BSE mode. Thus, the heterogeneous distribution of Z in an organic particle can reveal the U distribution.
The distribution of U, Fe, S and Ti for profile E-F covers a distance of about 300 µm from the rim, where there is UO 2 expression, towards the interior, where there is no visible mineral expression (Figure 11 ). Uranium concentration reaches about 20 wt % in the organic particle without being expressed as a visible phase and about 40 wt % when it is expressed as uraninite/Ca-P-coffinite. Sulfur, Fe and Ti are constantly below 0.5 wt %. ( Figure 11 ). Uranium concentration reaches about 20 wt % in the organic particle without being expressed as a visible phase and about 40 wt % when it is expressed as uraninite/Ca-P-coffinite. Sulfur, Fe and Ti are constantly below 0.5 wt %. Figure 11 . Profile E-F was performed on a telohuminite particle with uranium expressed as UO2 at the rims. U concentration starts at 25 wt % at the rim. As shown in Figure 10F , the first point was measured on a part of the particle where UO2 is not expressed as uraninite. The next spot was measured on a part where U is expressed as uraninite, hence the concentration is raised to 41 wt %. Afterwards the U concentrations decrease proportionally as a function of increasing distance from the particle rim. The Fe and S concentrations are at 0.1 and 0.5 wt %, respectively (with a detection limit of 0.1 wt %), as shown in the upscaled part of the graph. Titanium concentration increases from the rim towards the interior of the particle, from 0.26 to 0.75 wt %.
In the binary plot of S and Fe ( Figure 12 ) it is clearly demonstrated that the telohuminite particle associated with U expressed as oxide at the rims is almost depleted for both sulfur and iron, though the data points are plotted very close to the FeS2 line. Figure 11 . Profile E-F was performed on a telohuminite particle with uranium expressed as UO 2 at the rims. U concentration starts at 25 wt % at the rim. As shown in Figure 10F , the first point was measured on a part of the particle where UO 2 is not expressed as uraninite. The next spot was measured on a part where U is expressed as uraninite, hence the concentration is raised to 41 wt %. Afterwards the U concentrations decrease proportionally as a function of increasing distance from the particle rim. The Fe and S concentrations are at 0.1 and 0.5 wt %, respectively (with a detection limit of 0.1 wt %), as shown in the upscaled part of the graph. Titanium concentration increases from the rim towards the interior of the particle, from 0.26 to 0.75 wt %.
In the binary plot of S and Fe (Figure 12 ) it is clearly demonstrated that the telohuminite particle associated with U expressed as oxide at the rims is almost depleted for both sulfur and iron, though the data points are plotted very close to the FeS 2 line. Minerals 2019, 9, x FOR PEER REVIEW 15 of 23 Figure 12 . EPMA S and Fe concentration measurements of profile E-F performed on a telohuminite particle (ulminite). Both S and Fe are always below 1 wt %, with a slight enrichment in S. Reference lines refer to the stoichiometry of FeS2 (pyrite) and FeS (i.e., mackinawite).
Uranium Phases Replacing Entirely Organic Matter
The UO2 crystals progressively and almost entirely replace the organic carbon of the macerals. Based on the in situ SEM-EDS analyses the fully replaced particles contain macerals carrying more than 65 wt % U. This corresponds to the mix analysis of UO2 and OM with approximately 20 wt % residual organic carbon. Fully replaced organic particles have 75-78 wt % U ( Figure 13 ) with an additional few percent of Ca, Si and P.
It is also noted that even in the case of full organic matter replacement, some textural characteristics of the plant debris are preserved (i.e., cell walls and desiccation cracks), indicating fine-grained epigenization processes. Very often disseminated framboidal and euhedral pyrite is also present inside the U-replaced organic particle. Collapsed cell walls (attrinite) that are sometimes surrounding euhedral pyrite crystals can also be fully replaced by U, reaching 67 wt %, while becoming enriched in Ca, Si, and P. With progressive U epigenesis, even the macerals with minor permeability are replaced. 
The UO 2 crystals progressively and almost entirely replace the organic carbon of the macerals. Based on the in situ SEM-EDS analyses the fully replaced particles contain macerals carrying more than 65 wt % U. This corresponds to the mix analysis of UO 2 and OM with approximately 20 wt % residual organic carbon. Fully replaced organic particles have 75-78 wt % U ( Figure 13 ) with an additional few percent of Ca, Si and P.
It is also noted that even in the case of full organic matter replacement, some textural characteristics of the plant debris are preserved (i.e., cell walls and desiccation cracks), indicating fine-grained epigenization processes. Very often disseminated framboidal and euhedral pyrite is also present inside the U-replaced organic particle. Collapsed cell walls (attrinite) that are sometimes surrounding euhedral pyrite crystals can also be fully replaced by U, reaching 67 wt %, while becoming enriched in Ca, Si, and P. With progressive U epigenesis, even the macerals with minor permeability are replaced. Figure 13 . Examples of organic matter replaced by uranium, which is expressed in oxide form at the rims of the organic particle with a composition close to UO2 stoichiometry (as measured under SEM-EDS mode). (A) Telohuminite particle at a size range of 400 μm, with the textural characteristics (cell walls and desiccation cracks) still visible. (B) Elongated telohuminite particle composed of smaller epigenetized corpohuminite particles. (C) A fully uranium-cemented organic particle associated with framboidal pyrite showing features of corrosion and uranium replacement. The cell walls of the particle are preserved even after replacement. The particle is surrounded by U-rich clay matrix. (D) Collapsed cell wall structures (attrinite) surrounding a large euhedral pyrite crystal.
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Origin of Organic Matter
According to sedimentological core analysis, peat and coal layers are absent inside the reservoir zone. The organic matter contained in the Zoovch Ovoo reservoir occurs as detrital particles, deposited according to the sedimentary bedding. Maceral analysis indicates that the organic particles are of higher plant origin, and can be found in either reduced (huminite group macerals) or oxidized (inertinite group macerals) states. The coarse, angular and poorly sorted organic particles are linked to distant transport (reworked) within high-energy flood-dominated depositional conditions, and associated with coarse-to medium-sized lithologies (coarse-to medium-coarse-grained sands). Organic matter particles encountered in fine clay layers are better preserved and linked to calm depositional conditions, except when they represent intraclasts distributed among the sand layers. The well-preserved phytoclasts, such as root remains associated with fine-grained organic-rich lithofacies, could be indicative of higher plants that grew within the depositional environment (e.g., no significant transport). Maceral morphology ranges from intact to partially collapsed tissue, indicating that there is more than one organic matter source, and that the preservation stage of the Figure 13 . Examples of organic matter replaced by uranium, which is expressed in oxide form at the rims of the organic particle with a composition close to UO 2 stoichiometry (as measured under SEM-EDS mode). (A) Telohuminite particle at a size range of 400 µm, with the textural characteristics (cell walls and desiccation cracks) still visible. (B) Elongated telohuminite particle composed of smaller epigenetized corpohuminite particles. (C) A fully uranium-cemented organic particle associated with framboidal pyrite showing features of corrosion and uranium replacement. The cell walls of the particle are preserved even after replacement. The particle is surrounded by U-rich clay matrix. (D) Collapsed cell wall structures (attrinite) surrounding a large euhedral pyrite crystal.
Discussion
Detrital Organic Matter and U Distribution in Sediments
Origin of Organic Matter
According to sedimentological core analysis, peat and coal layers are absent inside the reservoir zone. The organic matter contained in the Zoovch Ovoo reservoir occurs as detrital particles, deposited according to the sedimentary bedding. Maceral analysis indicates that the organic particles are of higher plant origin, and can be found in either reduced (huminite group macerals) or oxidized (inertinite group macerals) states. The coarse, angular and poorly sorted organic particles are linked to distant transport (reworked) within high-energy flood-dominated depositional conditions, and associated with coarseto medium-sized lithologies (coarse-to medium-coarse-grained sands). Organic matter particles encountered in fine clay layers are better preserved and linked to calm depositional conditions, except when they represent intraclasts distributed among the sand layers. The well-preserved phytoclasts, such as root remains associated with fine-grained organic-rich lithofacies, could be indicative of higher plants that grew within the depositional environment (e.g., no significant transport). Maceral morphology ranges from intact to partially collapsed tissue, indicating that there is more than one organic matter source, and that the preservation stage of the maceral is directly linked to the distance from those sources. In principle, the more distal the source, the more fragmented/oxidized the organic particle that reaches the basin is [37] . Hence, it could be proposed that there are two main potential sources, a proximal for the well-preserved huminite group macerals, and a distal for the angular lath-shaped inertinite group macerals.
Bituminite represents an exception, and refers to liquid organic matter formed during vitrinite diagenesis (i.e., the coalification process that transforms peat stage material to higher rank coal) [38] . Bituminite is not abundant, and when present it was found located around or inside fracture porosity of large silicate grains (>0.5 mm size).
Uranium Uptake from Interstitial Waters
Dissolved uranium in surficial waters generally results from the dissolution of accessory minerals during weathering of the outcropping formations, and is transported as uranyl species in oxidizing media [39] . The processes of uranium-organic matter interactions in shallow buried sediments are complex and involve both processes of complexation and adsorption, followed by a reduction of the uranyl ion [4, 8, 16, 40] .
The process of chemical complexation was thoroughly described by [7, 11] . Laboratory experiments showed that the complexation of uranium (without reduction) by the carboxyl groups of terrestrial organic matter is possible by forming uranyl-carboxyl compounds even at low temperatures (20-45 • C). They also showed that U(VI) reduction to U(IV) would require high temperatures (reaching 250 • C), which could be achieved either during late diagenesis or during hydrothermal conditions. However, not all terrestrial organic matter is able to form U complexes. It must be rich in oxygenated functions, particularly in carboxyl groups. Nakashima (1992) [7] studied two humic substances, one with a vitrinite reflectance of 0.50% (Gardanne lignite, Late Cretaceous) and another of 0.34% (Arjuzanx lignite, Late Miocene-Pliocene). The two lignite samples underwent the same laboratory procedure to test their potential to complex U at low temperatures from a U-rich fluid. It was proven that only the lignite of lower reflectance adsorbed uranyl cations (UO 2 2+ ) without reduction [41] . The complexation of uranyl resulted in pH increase, a decrease of UO 2 2+ concentration and a simultaneous increase in H + as hydrogen was substituted and hence liberated from lignite by ion exchange. FT-IR (Fourier Transform Infrared Spectroscopy) analysis revealed that all along uranyl complexation, the carboxylic acids and ketonic groups (C=O) were progressively decreasing, whereas the aromatic groups (C=C and COO-) were increasing [11, 42] . The conclusion was that the abundance of carboxylic functional groups in organic matter plays a major role in uranium complexation. Another similar case of soluble U(VI) species fixed by lignite of low maturity resulting in the formation of UO 2 2+ complexes was reported by [12] , who studied lignite from the Coutras U-ore deposit, France. Though this immature lignite was never subjected to elevated temperatures, it can contain up to 19 wt % uranium without any distinguishable visible form. From the above, it could be suggested that the lignite from Arjuzanx (Landes, France; Late Miocene or Pliocene; [7] ) as well as the lignite from the Coutras (Gironde, France; Middle Eocene; [12] ) could be used as direct analogues of the Zoovch Ovoo case, since they both demonstrate the same low level of maturity and have trapped uranium at low temperatures, between 20-45 • C (maximum burial temperature at Zoovch Ovoo is estimated at 40 • C according to [28, 30, 37] ). The stage of chemical complexation of uranium without reduction uptaken by organic matter may be considered as the earliest stage of U concentration. Though deep burial is a priori excluded in Zoovch Ovoo, it is still difficult to know at which time the U enrichment of macerals occurred. Hence, there are two possible stages: (i) during sedimentation (syngenetic), and (ii) during the shallow burial of the sediments (early diagenetic).
Uranium Trapping Processes Involving Organic Matter at Zoovch Ovoo
Three factors seem to control the epigenization process of the macerals: (1) the permeability around the macerals, (2) the porosity of the macerals and (3) their chemical composition. The process is heterogeneous as the organic matter-uranium associations are not a function of the maceral group (i.e., huminite/vitrinite or inertinite), and all macerals from the same group have not undergone uranium epigenization.
Among the macerals, texto-ulminite (cell walls) and corpohuminite (filled cell walls) most often show high uranium concentration without expression of a visible U phase. In these macerals, the U concentration is rather homogeneous and reaches 15-20 wt %, which is similar to the 19 wt % described in [12] , but higher than the 5 wt % reported in [43] and the 8 wt % in [44] . In particular, corpohuminite can host twice the concentration of U compared to adjacent texto-ulminite macerals. This feature is apparently linked to the chemistry of the macerals, and could be related to the abundance of carboxylic functional groups known to be responsible for U complexation [8, 11, 42] . The U speciation in these macerals could not be determined, as no U-bearing phase larger than the resolution of SEM (around 0.1 microns) could be observed. Meunier et al. (1990) [12] considers that U dispersed in organic matter occurs under its reduced state U(IV) and is probably in the form of small-sized U oxides.
Direct reduction by organic carbon is also likely to occur [45] . Nakashima et al. (1984) and Nakashima (1992) [7, 11] suggest that aliphatic hydrocarbons may be involved in the reduction of U(VI). Yet, their experiments suggest that this mechanism is significant at T > 120 • C, which is not the range of temperatures experienced in the Zoovch Ovoo deposit.
Organic matter of low thermal maturity, like the one encountered in the Zoovch Ovoo deposit, can sustain microbiological activity [46] [47] [48] [49] . Especially in the presence of sulfates, sulfate-reducing bacteria may be active and generate reduced sulfur species (i.e., H 2 S/native sulfur) [50, 51] .
Another possibility of U reduction is the mechanism of biomineralization (by bacteria and fungi) previously studied by [46] and by [48] in laboratory experiments and in the case of Chinese roll-front systems, respectively. Both studies showed that during the mineralization stage it is possible to enzymatically reduce U into uraninite/coffinite by dissimilatory bacteria, which could use U(VI) as the sole electron acceptor instead of other multivalent metals such as Fe(III). Amorphous UO 2 may be the result of such processes. Indeed, besides complexation and sorption, a third mechanism was recently proposed by [52] : the formation of U(IV) biofilms that evolve into biogenic non-crystalline U(IV) compounds. Thus, using EXAFS (Extended X-ray Absorption Fine Structure) spectroscopy data, these authors revealed the role of microorganisms in the reduction of U(VI) and the formation of disseminated U(IV) in organic matter, acting both as nutrient and as trap.
For Zoovch Ovoo, the successive stages of uranium-organic matter epigenization are summarized in Figure 14 . Most values for uranium concentration in organic matter range from 10-20 wt %. In that case, that the speciation of U is not known, since the size of the crystal, if present, would be lower than 0.1 µm. It was also observed that when U concentration reaches 40-45 wt %, UO 2 minerals will be present. The epigenization process is not the same for porous and non-porous macerals, hence two different pathways are proposed. In the case of non-porous macerals, for instance texto-ulminite with fully fused cell walls (Figure 10 ), the epigenization starts from the rims and internal fractures, if any are present. In the case of porous macerals (i.e., textinite ( Figure 8 ) and funginite ( Figure 5) ) the epigenization will be more pervasive. The progressive accumulation continues until the particle is fully replaced (about 78 wt % U).
When an organic particle is composed of different macerals, the pores in-between the different macerals enhance fluid penetration, resulting in a more homogenous epigenization similar to what was described by [12] . In addition, it was observed that certain macerals (i.e., corpohuminite ( Figure 5) ) will accumulate uranium faster and in greater amounts than texto-ulminite or fusinite. Figure 14 . Graphical representation of organic matter epigenization by uranium. Uranium is carried in solution as U(VI) until it encounters a reducing agent and becomes U(IV). When uranium is reduced in the presence of macerals, it can be concentrated around internal fractures or at the rims of the maceral as uranium oxide. There is a linear decreasing concentration gradient from the rim where U is expressed as oxide towards the interior where no mineral form is visible. Eventually the replacement process keeps up, leading primarily to partial and progressively to full replacement (i.e., organic particles with up to 78 wt % U). One of the main aspects of this replacement process is that the fully replaced organic particle maintains its textural characteristics, although organic carbon is in very small quantities or no longer present.
Iron and Sulfur in Organic Matter Particles
The relative amounts of Fe and S approximately follow the stoichiometry of pyrite, although iron sulfides are not always visible on SEM images and micro-XRF maps. However, significant shifts in stoichiometric relationships are observed ( Figure 7 ) and confirmed by the micro-XRF maps where some parts of the macerals are enriched in Fe and other in S. Meunier et al. (1990) [12] also referred to iron and sulfur organic compounds contained in natural organic matrices that were not linked to iron sulfides. Dichloromethane extraction of the samples, followed by gas chromatography-mass spectrometry, identified in some cases elemental sulfur, whose presence may be linked to sulfatereducing bacteria. The redox state of iron (when not associated with sulfur) in the organic matter of the studied samples is not easy to determine, but in regards to the reducing environment (organic matter, reduced species of sulfur, U(IV) minerals) it is highly probable to be Fe(II). The Fe(II) may originate from the dissolution of detrital grains (e.g., biotite) or may arise from microbial activity (reduction of Fe(III) carried together with U(IV) by the mineralizing fluid).
Thus, when associated in stoichiometric proportions, iron and sulfur may reflect the presence of the amorphous phases, which are precursors to pyrite as disordered mackinawite of formula Fe2(HS)4 [53] or Fe3S3(H2O)6 [54] , ordered mackinawite, and greigite Fe3S4 [55] [56] [57] , as illustrated in Figure 7 . This might explain the absence of identified pyrite crystals in the organic matter. Compositions consistent with pyrite stoichiometry may indeed be indicative of microcrystals. Hence, excess of iron or sulfur in the analysis may be linked to Fe(II) carboxylates as well as to S 0 adsorbed by organic matter.
Sedimentological Control of Organic Matter and Uranium Distribution
Uranium geochemical anomalies, as presented in Figure 2 , are systematically associated with organic-rich layers or intraclast accumulations. The sediments accompanying the anomalies are usually very coarse to coarse. This feature suggests that the uranium-bearing fluid is initially controlled by permeability, migrating along the coarser part of the sand layers (and along layer boundaries; e.g., erosional surfaces). Detrital organic matter particle accumulations in the vicinity of these highly permeable layers will then act as a trap and participate in the complexation and Figure 14 . Graphical representation of organic matter epigenization by uranium. Uranium is carried in solution as U(VI) until it encounters a reducing agent and becomes U(IV). When uranium is reduced in the presence of macerals, it can be concentrated around internal fractures or at the rims of the maceral as uranium oxide. There is a linear decreasing concentration gradient from the rim where U is expressed as oxide towards the interior where no mineral form is visible. Eventually the replacement process keeps up, leading primarily to partial and progressively to full replacement (i.e., organic particles with up to 78 wt % U). One of the main aspects of this replacement process is that the fully replaced organic particle maintains its textural characteristics, although organic carbon is in very small quantities or no longer present.
Iron and Sulfur in Organic Matter Particles
The relative amounts of Fe and S approximately follow the stoichiometry of pyrite, although iron sulfides are not always visible on SEM images and micro-XRF maps. However, significant shifts in stoichiometric relationships are observed ( Figure 7 ) and confirmed by the micro-XRF maps where some parts of the macerals are enriched in Fe and other in S. Meunier et al. (1990) [12] also referred to iron and sulfur organic compounds contained in natural organic matrices that were not linked to iron sulfides. Dichloromethane extraction of the samples, followed by gas chromatography-mass spectrometry, identified in some cases elemental sulfur, whose presence may be linked to sulfate-reducing bacteria. The redox state of iron (when not associated with sulfur) in the organic matter of the studied samples is not easy to determine, but in regards to the reducing environment (organic matter, reduced species of sulfur, U(IV) minerals) it is highly probable to be Fe(II). The Fe(II) may originate from the dissolution of detrital grains (e.g., biotite) or may arise from microbial activity (reduction of Fe(III) carried together with U(IV) by the mineralizing fluid).
Thus, when associated in stoichiometric proportions, iron and sulfur may reflect the presence of the amorphous phases, which are precursors to pyrite as disordered mackinawite of formula Fe 2 (HS) 4 [53] or Fe 3 S 3 (H 2 O) 6 [54] , ordered mackinawite, and greigite Fe 3 S 4 [55] [56] [57] , as illustrated in Figure 7 . This might explain the absence of identified pyrite crystals in the organic matter. Compositions consistent with pyrite stoichiometry may indeed be indicative of microcrystals. Hence, excess of iron or sulfur in the analysis may be linked to Fe(II) carboxylates as well as to S 0 adsorbed by organic matter.
Sedimentological Control of Organic Matter and Uranium Distribution
Uranium geochemical anomalies, as presented in Figure 2 , are systematically associated with organic-rich layers or intraclast accumulations. The sediments accompanying the anomalies are usually very coarse to coarse. This feature suggests that the uranium-bearing fluid is initially controlled by permeability, migrating along the coarser part of the sand layers (and along layer boundaries; e.g., erosional surfaces). Detrital organic matter particle accumulations in the vicinity of these highly permeable layers will then act as a trap and participate in the complexation and reduction processes of U(IV), as explained above. Since grain size of the sediments and organic matter distribution are of direct inheritance of the sedimentary depositional system, it could be suggested that the migration of the U-bearing fluids as well as the U trapping by the organic matter are under sedimentological control at core scale.
Conclusions
Very high levels of uranium concentration (a few percent up to 78 wt %) were found in the detrital organic matter of the Cretaceous sands from the Zoovch Ovoo deposit in Mongolia. Such concentration levels have never been reported to occur in the other roll-front U deposits from the large uranium province of Central Asia, which extends from Kazakhstan to China and Mongolia. This peculiarity posed the question of the role of organic matter in uranium deposits.
Petrographic as well as geochemical investigation of the maceral particles allows to propose the following:
• Organic matter present at Zoovch Ovoo is land plant derived, and occurs as detrital particles concentrated into clay layers, clay intraclasts or sandy laminae. Biological features of particles are more or less preserved, depending on their transportation (proximal or distal origin). Its thermal maturity is very low (peat to lignite stage; %Rr = 0.3). The land plant particles concentrated microbiological activity, which triggered biodegradation as well as iron and bacterial sulfate reduction. The absence of detectable pyrite crystals in the organic matter, despite the presence of Fe and S in often non-FeS 2 stoichiometric proportions, suggests the presence of other forms of sulfur, such as amorphous FeS phase (e.g., mackinawite) and/or elemental sulfur.
•
The distribution of UO 2 in the organic particles seems to be linked to porosity/permeability of the organic structure, which may be a control of fluid accessibility to the macerals. Organic matter particles can be fully replaced by UO 2 , with partial preservation of organic structure (suggesting an epigenesis).
As burial diagenesis is too low to consider reduction of U(VI) by carbonaceous moieties, it is suggested that microorganisms are mainly responsible for the reduction of U(VI), either directly through their physiological activity, or by providing reduced sulfur, which is an efficient reducing agent for U(VI). Furthermore, Fe(II) carboxylates may also be considered as a possible reducing agent [58] . The U(IV) speciation can be better understood by using EXAFS. Thus, it is necessary to identify the potential presence of biogenic non-crystalline U(IV) compounds within the macerals.
From this study it may therefore be concluded that at least two controls of different scales can be considered for the Zoovch Ovoo uranium deposit:
1.
At the scale of the sedimentary particles, organic matter plays a capital role in uranium deposition, as it acts as a uranium trap through complexation and sustains the U(VI) reduction mechanism into UO 2 through biological activity.
2.
At the scale of the sedimentary deposit, organic matter distribution as well as the permeability network that allows the circulation of uranium-bearing fluids are controlled by the sedimentary architecture. 
